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1
PROCESSES FOR THE PREPARATION OF
HIGH-CIS POLYDIENES

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims priority to and any other benefit of
U.S. Provisional Patent Application Ser. No. 61/603,658,
filed Feb. 27, 2012, and entitled “PROCESSES FOR THE
PREPARATION OF HIGH-CIS POLYDIENES,” the entire
disclosure of which is incorporated by reference herein.

FIELD OF THE INVENTION

The disclosure relates to polymerization processes for pro-
ducing polydienes having a high cis-1,4-linkage content
using a lanthanide-based catalyst system.

BACKGROUND

Synthetic polymers that are used in rubber compositions
and that undergo strain-induced crystallization provide
advantageous properties including, for example, tensile
strength and abrasion resistance in the rubber composition.
Polydienes with a high cis-1,4-linkage content, which exhibit
the increased ability to undergo strain-induced crystalliza-
tion, have been advantageously employed in tires, particu-
larly in the tire components that benefit from such properties
such as the sidewall and tread components of tires.

Lanthanide-based catalyst systems comprising a lan-
thanide compound, an alkylating agent, and a halogen source
are useful for polymerizing conjugated diene monomers to
produce polydienes having a high cis-1,4-linkage content.
The polydienes with the high cis-1,4-linkage content pro-
duced with such catalyst systems have a linear backbone
structure, exhibit good green strength, and have excellent
viscoelastic properties. The linear backbone structure, in turn,
is believed to provide excellent properties directed to
improved tensile strength, increased abrasion resistance,
lower hysteresis, and improved fatigue resistance in the rub-
ber compositions formed with these polydienes. Thus, the
polydienes having the high cis-1,4-linkage content produced
using lanthanide-based catalyst systems are desirable for use
in tires and tire components such as sidewalls and treads.

The polymerization processes disclosed herein provide
certain advantages and improvements to the use of lan-
thanide-based catalyst systems to produce polydienes having
a high cis-1,4-linkage content. As discussed herein, the
present disclosure relates to using a thiol compound in com-
bination with a lanthanide-based catalyst system to produce
polydienes having a higher cis-1,4-linkage content as com-
pared to polydienes prepared under the same polymerization
conditions but without the thiol compound.

SUMMARY OF THE INVENTION

The present disclosure provides solution polymerization
processes for producing a high-cis polydiene comprising
polymerizing at least one conjugated diene monomer in an
organic solvent in the presence of at least one thiol compound
and a lanthanide-based catalyst composition to produce a
polydiene having a cis-1,4-linkage content of 90-99%. The at
least one thiol compound is represented by the general for-
mula R—S—H, where R is a hydrocarbyl group or a substi-
tuted hydrocarbyl group. The lanthanide-based catalyst com-
position comprises (a) a lanthanide compound, (b) an
alkylating agent, and (c) a halogen source, where (c) may
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2
optionally be provided by (a), (b), or both (a) and (b). The
molar ratio of the at least one thiol compound to the lan-
thanide compound used in the polymerization processes
ranges from 0.01:1 to 100:1.

Other embodiments of the present disclosure provide
improved solution polymerization processes for producing a
high-cis polydiene by the polymerization of at least one con-
jugated diene monomer in an organic solvent charged with a
lanthanide-based catalyst composition. The improved pro-
cesses comprise polymerizing the at least one conjugated
diene monomer in the presence of at least one thiol compound
in the organic solvent charged with the lanthanide-based cata-
lyst composition to produce a polydiene having a cis-1,4-
linkage content of 90-99%. The improvement is shown in the
resulting polydiene, where the polydiene produced has a
higher cis-1,4-linkage content compared to a polydiene pro-
duced under the same polymerization conditions but without
the at least one thiol compound. In accordance with embodi-
ments disclosed herein, the at least one thiol compound is
represented by the general formula R—S—H, where R is a
hydrocarbyl group or a substituted hydrocarbyl group. Also,
the molar ratio of the at least one thiol compound to the
lanthanide compound used in the improved polymerization
processes ranges from 0.01:1 to 100:1.

Other aspects of the present disclosure will be apparent
from the description that follows.

DETAILED DESCRIPTION

The present disclosure is directed to solution polymeriza-
tion processes for producing high-cis polydienes from con-
jugated diene monomers using a lanthanide-based catalyst
system in combination with a thiol compound. The lan-
thanide-based catalyst system comprises (a) a lanthanide
compound, (b) an alkylating agent, and (c¢) a halogen source.
A polydiene produced in accordance with the processes dis-
closed herein has a higher cis-1,4-linkage content as com-
pared to a polydiene produced under the same polymerization
conditions but without the thiol compound. The thiol com-
pound acts as a catalyst modifier to increase the relative
cis-1,4-linkage content of the polydiene. Thus, the use of the
thiol compound with the lanthanide-based catalyst system is
an improvement in the use of lanthanide-based catalyst sys-
tems to produce high-cis polydienes.

Polydienes generally contain cis-1,4-, trans-1,4-, and 1,2-
linkages between monomer units. As used herein, the term
“high-cis” refers to a cis-1,4-linkage content of 90-99% in the
polydiene. In accordance with certain embodiments of the
process disclosed herein, the resulting high-cis polydiene has
acis-1,4-linkage content of 94-99%, preferably 96-99%, and
more preferably 97-99%. In accordance with one embodi-
ment, the cis-1,4-linkage content ranges from 94% to 99%. In
other embodiments, the cis-1,4-linkage content may range
from 97-99%. The cis-1,4-linkage contents disclosed herein
are determined by FTIR (Fourier transform infrared spectros-
copy). In particular, the polymer samples are dissolved in CS,
and then subjected to FTIR.

The polymerization processes described herein are solu-
tion polymerization processes. In this type of polymerization
process, the polymerization reaction takes place in organic
solvent-based solution. Here, that organic solvent-based
solution contains at least one conjugated diene monomer, a
lanthanide-based catalyst composition, and at least one thiol
compound. The organic solvent-based solution comprises
20-90% by weight (wt %) organic solvent based on the total
weight of the monomer, organic solvent, and polydiene in the
solution. Preferably, the organic solvent comprises the pre-
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dominant component of the solution, i.e., 50-90 wt % organic
solvent, and more preferably 70 wt % to 90 wt % organic
solvent based on the total weight of the monomer, organic
solvent, and polydiene. The solution polymerization pro-
cesses disclosed herein can be contrasted with gas-type or
bulk-type polymerizations, where polymerization is carried
outin the absence of any organic solvent or where there is less
than 20 wt % organic solvent present based on the total weight
of the monomer, organic solvent, and polydiene.

Suitable organic solvents for use in the solution polymer-
ization processes described herein are those solvents that are
inert to the polymerization reaction such that the solvent is not
a reactant in the polymerization reaction. Suitable organic
solvents include aromatic hydrocarbons, aliphatic hydrocar-
bons, and cycloaliphatic hydrocarbons. Examples of suitable
aromatic hydrocarbon solvents include, but are not limited to
benzene, toluene, ethylbenzene, diethylbenzene, naphtha-
lenes, mesitylene, xylenes, and the like. Examples of suitable
aliphatic hydrocarbon solvents include, but are not limited to,
n-pentane, n-hexane, n-heptane, n-octane, n-nonane, n-de-
cane, isopentane, hexanes, isohexanes, isopentanes, isooc-
tanes, 2,2-dimethylbutane, petroleum ether, kerosene, petro-
leum spirits, and the like. Non-limiting examples of suitable
cycloaliphatic hydrocarbon solvents include cyclopentane,
cyclohexane, methylcyclopentane, methylcyclohexane, and
the like. Mixtures of the foregoing aromatic hydrocarbon
solvents, aliphatic hydrocarbon solvents, and cycloaliphatic
hydrocarbon solvents can also be used. In certain embodi-
ments, the preferred organic solvent includes an aliphatic
hydrocarbon solvent, a cycloaliphatic hydrocarbon solvent,
or mixtures thereof. Additional useful organic solvents suit-
able for use in the processes disclosed herein are known to
those skilled in the art.

The monomer used in accordance with the polymerization
processes described herein is a conjugated diene monomer. A
conjugated diene monomer is a hydrocarbon compound that
contains at least two double bonds that are separated by a
single bond. Suitable conjugated diene monomers used with
the solution polymerization processes generally include
hydrocarbon compounds containing less than 20 carbon
atoms. Non-limiting examples of such suitable conjugated
diene monomers include 1,3-butadiene, isoprene, 1,3-penta-
diene, 1,3-hexadiene, 2,3-dimethyl-1,3-butadiene, 2-ethyl-1,
3-butadiene, 2-methyl-1,3-pentadiene, 3-methyl-1,3-penta-
diene, 4-methyl-1,3-pentadiene, 2.4-hexadiene, and
combinations thereof. In accordance with one embodiment,
the polymerization processes disclosed herein utilize at least
one conjugated diene to form a high-cis polydiene. In certain
embodiments, the polymerization processes disclosed herein
can be utilized for the copolymerization of two or more con-
jugated dienes to form copolymers having a cis-1,4-micro-
structure. In accordance with other embodiments, the conju-
gated diene monomer is 1,3-butadiene, resulting in a high-cis
polybutadiene after polymerization. Additional useful conju-
gated diene monomers suitable for use in the processes dis-
closed herein are known to those skilled in the art.

The thiol compound is used as a catalyst modifier to
increase the cis-1,4-linkage content of polydienes produced
using a lanthanide-based catalyst composition system. In
accordance with the polymerization processes disclosed
herein, the lanthanide-based catalyst composition comprises
(a) alanthanide compound, i.e., a lanthanide-containing com-
pound, (b) an alkylating agent, and (c) a halogen source. In
such catalyst system, the halogen source may optionally be
provided by the lanthanide compound, the alkylating agent,
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or both the lanthanide compound and the alkylating agent. In
other words, in certain embodiments, there may be no sepa-
rate (¢) component.

As mentioned above, the lanthanide-based catalyst com-
position system employed in the polymerization processes
includes a lanthanide compound. Lanthanide compounds
useful in the polymerization processes disclosed herein are
those compounds that include at least one atom of a lan-
thanide element. As used herein, “lanthanide element” refers
the elements found in the lanthanide series of the Periodic
Table (i.e., element numbers 57-71) as well as didymium,
which is a mixture of rare-earth elements obtained from
monazite sand. In particular, the lanthanide elements as dis-
closed herein include lanthanum, neodymium, cerium,
praseodymium, promethium, samarium, europium, gado-
linium, terbium, dysprosium, holmium, erbium, thulium,
ytterbium, lutetium, and didymium. Preferably, the lan-
thanide compound includes at least one atom of neodymium,
gadolinium, samarium, or combinations thereof.

The lanthanide atom in the lanthanide compound can be in
various oxidation states including, but not limited to, the 0,
+2, +3, and +4 oxidation states. In accordance with certain
embodiments of the polymerization processes disclosed
herein, a trivalent lanthanide compound, where the lanthanide
atom is in the +3 oxidation state, is used. Generally, suitable
lanthanide compounds for use in the polymerization pro-
cesses disclosed herein include, but are not limited to, lan-
thanide carboxylates, lanthanide organophosphates, lan-
thanide organophosphonates, lanthanide
organophosphinates, lanthanide carbamates, lanthanide
dithiocarbamates, lanthanide xanthates, lanthanide [3-diketo-
nates, lanthanide alkoxides or aryloxides, lanthanide halides,
lanthanide pseudo-halides, lanthanide oxyhalides, and orga-
nolanthanide compounds.

In accordance with certain embodiments of the polymer-
ization processes disclosed herein, the lanthanide compounds
may be soluble in hydrocarbon solvents such as the aromatic
hydrocarbon solvents, aliphatic hydrocarbon solvents, or
cycloaliphatic hydrocarbon solvents disclosed herein.
Hydrocarbon-insoluble lanthanide compounds, however, can
also be useful in the present polymerization process, as they
can be suspended in the polymerization medium to form the
catalytically active species.

For ease of illustration, further discussion of useful lan-
thanide compounds for use in the polymerization processes
disclosed herein will focus on neodymium compounds,
although those skilled in the art will be able to select similar
compounds that are based upon the other lanthanide metals
disclosed herein.

Examples of suitable neodymium carboxylates for use as
the lanthanide compound in the polymerization processes
disclosed herein include, but are not limited to, neodymium
formate, neodymium acetate, neodymium acrylate, neody-
mium methacrylate, neodymium valerate, neodymium glu-
conate, neodymium citrate, neodymium fumarate, neody-
mium lactate, neodymium maleate, neodymium oxalate,
neodymium 2-ethylhexanoate, neodymium neodecanoate
(i.e., neodymium versatate or NdV5), neodymium naphthen-
ate, neodymium stearate, neodymium oleate, neodymium
benzoate, and neodymium picolinate.

Examples of suitable neodymium organophosphates for
use as the lanthanide compound in the polymerization pro-
cesses disclosed herein include, but are not limited to, neody-
mium dibutyl phosphate, neodymium dipentyl phosphate,
neodymium dihexyl phosphate, neodymium diheptyl phos-
phate, neodymium dioctyl phosphate, neodymium bis(1-me-
thylheptyl)phosphate, neodymium bis(2-ethylhexyl)phos-
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phate, neodymium didecyl phosphate, neodymium didodecyl
phosphate, neodymium dioctadecyl phosphate, neodymium
dioleyl phosphate, neodymium diphenyl phosphate, neody-
mium bis(p-nonylphenyl)phosphate, neodymium butyl(2-
ethylhexyl)phosphate, neodymium(1-methylheptyl) (2-eth-
ylhexyl)phosphate, and neodymium(2-ethylhexyl)
(p-nonylphenyl)phosphate.

Examples of suitable neodymium organophosphonates for
use as the lanthanide compound in the polymerization pro-
cesses disclosed herein include, but are not limited to, neody-
mium butyl phosphonate, neodymium pentyl phosphonate,
neodymium hexyl phosphonate, neodymium heptyl phos-
phonate, neodymium octyl phosphonate, neodymium(1-me-
thylheptyl)phosphonate,  neodymium(2-ethylhexyl)phos-
phonate, neodymium decyl phosphonate, neodymium
dodecyl phosphonate, neodymium octadecyl phosphonate,
neodymium oleyl phosphonate, neodymium phenyl phos-
phonate, neodymium(p-nonylphenyl)phosphonate, neody-
mium butyl butylphosphonate, neodymium pentyl pen-
tylphosphonate, neodymium hexyl hexylphosphonate,
neodymium heptyl heptylphosphonate, neodymium octyl
octylphosphonate, neodymium(1-methylheptyl) (1-methyl-
heptyl)phosphonate, neodymium(2-ethylhexyl) (2-ethyl-
hexyl)phosphonate, neodymium decyl decylphosphonate,
neodymium dodecyl dodecylphosphonate, neodymium octa-
decyl octadecylphosphonate, neodymium oleyl oleyl phos-
phonate, neodymium phenyl phenylphosphonate, neody-
mium(p-nonylphenyl) (p-nonylphenyl)phosphonate,
neodymium butyl(2-ethylhexyl)phosphonate, neodymium
(2-ethylhexyl)butylphosphonate, neodymium(1-methylhep-
tyl) (2-ethylhexyl)phosphonate, neodymium(2-ethylhexyl)
(1-methylheptyl)phosphonate,  neodymium(2-ethylhexyl)
(p-nonylphenyl)phosphonate, and neodymium(p-nonylphe-
nyl) (2-ethylhexyl)phosphonate.

Examples of suitable neodymium organophosphinates for
use as the lanthanide compound in the polymerization pro-
cesses disclosed herein include, but are not limited to, neody-
mium butylphosphinate, neodymium pentylphosphinate,
neodymium hexylphosphinate, neodymium heptylphosphi-
nate, neodymium octylphosphinate, neodymium(1-methyl-
heptyl)phosphinate, neodymium(2-ethylhexyl)phosphinate,
neodymium decylphosphinate, neodymium dodecylphosphi-
nate, neodymium octadecylphosphinate, neodymium oley-
Iphosphinate, neodymium phenylphosphinate, neodymium
(p-nonylphenyl)phosphinate, neodymium
dibutylphosphinate, neodymium  dipentylphosphinate,
neodymium dihexylphosphinate, neodymium diheptylphos-
phinate, neodymium dioctylphosphinate, neodymium bis(1-
methylheptyl)phosphinate, neodymium bis(2-ethylhexyl)
phosphinate, neodymium didecylphosphinate, neodymium
didodecylphosphinate, neodymium dioctadecylphosphinate,
neodymium dioleylphosphinate, neodymium diphenylphos-
phinate, neodymium bis(p-nonylphenyl)phosphinate, neody-
mium butyl(2-ethylhexyl)phosphinate, neodymium(1-meth-
ylheptyl)(2-ethylhexyl)phosphinate, and neodymium(2-
ethylhexyl)(p-nonylphenyl)phosphinate.

Examples of suitable neodymium carbamates for use as the
lanthanide compound in the polymerization processes dis-
closed herein include, but are not limited to, neodymium
dimethylcarbamate, neodymium diethylcarbamate, neody-
mium diisopropylcarbamate, neodymium dibutylcarbamate,
and neodymium dibenzylcarbamate.

Examples of suitable neodymium dithiocarbamates foruse
as the lanthanide compound in the polymerization processes
disclosed herein include, but are not limited to, neodymium
dimethyldithiocarbamate, neodymium diethyldithiocarbam-
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6

ate, neodymium diisopropyldithiocarbamate, neodymium
dibutyldithiocarbamate, and neodymium dibenzyldithiocar-
bamate.

Examples of suitable neodymium xanthates for use as the
lanthanide compound in the polymerization processes dis-
closed herein include, but are not limited to, neodymium
methylxanthate, neodymium ethylxanthate, neodymium iso-
propylxanthate, neodymium butylxanthate, and neodymium
benzylxanthate.

Examples of suitable neodymium (-diketonates for use as
the lanthanide compound in the polymerization processes
disclosed herein include, but are not limited to, neodymium
acetylacetonate, neodymium trifluoroacetylacetonate,
neodymium hexafluoroacetylacetonate, neodymium benzoy-
lacetonate, and neodymium 2,2,6,6-tetramethyl-3,5-hep-
tanedionate.

Examples of suitable neodymium alkoxides or aryloxides
for use as the lanthanide compound in the polymerization
processes disclosed herein include, but are not limited to,
neodymium methoxide, neodymium ethoxide, neodymium
isopropoxide, neodymium 2-ethylhexoxide, neodymium
phenoxide, neodymium nonylphenoxide, and neodymium
naphthoxide.

Examples of suitable neodymium halides for use as the
lanthanide compound in the polymerization processes dis-
closed herein include, but are not limited to, neodymium
fluoride, neodymium chloride, neodymium bromide, and
neodymium iodide. Suitable neodymium pseudo-halides
include, but are not limited to, neodymium cyanide, neody-
mium cyanate, neodymium thiocyanate, neodymium azide,
and neodymium ferrocyanide. Suitable neodymium oxyha-
lides include, but are not limited to, neodymium oxyfluoride,
neodymium oxychloride, and neodymium oxybromide. A
Lewis base, such as tetrahydrofuran (“THF”), can be
employed as an aid for solubilizing this class of neodymium
compounds in inert organic solvents. Where lanthanide
halides, lanthanide oxyhalides, or other lanthanide com-
pounds containing a halogen atom are used, the lanthanide
compound may optionally also provide all or part of the
halogen source in the lanthanide-based catalyst composition
system.

As used herein, the term “organolanthanide compound”
refers to any lanthanide compound containing at least one
lanthanide-carbon bond. These compounds are predomi-
nantly, though not exclusively, those containing cyclopenta-
dienyl (“Cp”), substituted cyclopentadienyl, allyl, and sub-
stituted allyl ligands. Suitable organolanthanide compounds
for use as the lanthanide compound in the polymerization
processes disclosed herein include, but are not limited to,
CpsLn, Cp,LnR, Cp,L.nCl, CpLnCl,, CpLn(cyclooctatet-
raene), (CsMe;),L.nR, LnR;, Ln(allyl);, and Ln(allyl),Cl,
where Ln represents a lanthanide atom, and R represents a
hydrocarby!l group or a substituted hydrocarbyl group. In one
or more embodiments, hydrocarbyl groups or substituted
hydrocarbyl groups useful in the polymerization processes
disclosed herein may contain heteroatoms such as, for
example, nitrogen, oxygen, boron, silicon, sulfur, and phos-
phorus atoms.

As mentioned above, the lanthanide-based catalyst com-
position system employed in the polymerization processes
disclosed herein includes an alkylating agent. In accordance
with one or more embodiments of the present processes,
alkylating agents, which may also be referred to as hydrocar-
bylating agents, include organometallic compounds that can
transfer one or more hydrocarbyl groups to another metal.
Generally, these agents include organometallic compounds of
electropositive metals such as Groups 1, 2, and 3 metals
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(Groups IA, IIA, and I1IA metals). Alkylating agents useful in
the polymerization processes disclosed herein include, but
are not limited to, organoaluminum and organomagnesium
compounds. As used herein, the term “organoaluminum com-
pound” refers to any aluminum-containing compound having
at least one aluminum-carbon bond. In one or more embodi-
ments, organoaluminum compounds that are soluble in a
hydrocarbon solvent can be used. As used herein, the term
“organomagnesium compound” refers to any magnesium-
containing compound having at least one magnesium-carbon
bond. In one or more embodiments, organomagnesium com-
pounds that are soluble in a hydrocarbon can be used. As will
be described in more detail below, certain suitable alkylating
agents may be in the form of a halide compound. Where the
alkylating agent includes a halogen atom, the alkylating agent
may optionally also provide all or part of the halogen source
in the lanthanide-based catalyst composition system.

In one or more embodiments of the polymerization pro-
cesses disclosed herein, organoaluminum compounds that
are utilized include those represented by the general formula
AIR X, ,,, where each R independently is a monovalent
organic group that is attached to the aluminum atom via a
carbon atom; where each X independently is a hydrogen
atom, a halogen atom, a carboxylate group, an alkoxide
group, or an aryloxide group; and where n is an integer in the
range of from 1 to 3. In one or more embodiments, each R
independently is a hydrocarbyl group or a substituted hydro-
carbyl group including, but not limited to, alkyl, cycloalkyl,
substituted cycloalkyl, alkenyl, cycloalkenyl, substituted
cycloalkenyl, aryl, substituted aryl, aralkyl, alkaryl, allyl, and
alkynyl groups, with each group containing from 1 carbon
atom, or the appropriate minimum number of atoms to form
the group, up to 20 carbon atoms. These hydrocarbyl groups
or substituted hydrocarbyl groups may contain heteroatoms
including, but not limited to, nitrogen, oxygen, boron, silicon,
sulfur, and phosphorus atoms.

Examples of types of organoaluminum compounds for use
as the alkylating agent in the polymerization processes dis-
closed herein that are represented by the general formula
AIR X, ,, include, but are not limited to, trihydrocarbylalu-
minum, dihydrocarbylaluminum hydride, hydrocarbylalumi-
num dihydride, dihydrocarbylaluminum carboxylate, hydro-
carbylaluminum bis(carboxylate), dihydrocarbylaluminum
alkoxide, hydrocarbylaluminum dialkoxide, dihydrocarbyla-
luminum halide, hydrocarbylaluminum dihalide, dihydrocar-
bylaluminum aryloxide, and hydrocarbylaluminum diarylox-
ide compounds.

Examples of suitable trihydrocarbylaluminum compounds
for use as the alkylating agent in the polymerization processes
disclosed herein include, but are not limited to, trimethylalu-
minum, triethylaluminum, triisobutylaluminum, tri-n-propy-
laluminum, triisopropylaluminum, tri-n-butylaluminum, tri-
t-butylaluminum, tri-n-pentylaluminum,
trineopentylaluminum, tri-n-hexylaluminum, tri-n-octylalu-
minum, tris(2-ethylhexylaluminum, tricyclohexylalumi-
num, tris(1-methylcyclopentyl)aluminum, triphenylalumi-
num, tri-p-tolylaluminum, tris(2,6-dimethylphenyl)
aluminum, tribenzylaluminum, diethylphenylaluminum,
diethyl-p-tolylaluminum, diethylbenzylaluminum, ethyl-
diphenylaluminum, ethyldi-p-tolylaluminum, and eth-
yldibenzylaluminum.

Examples of suitable dihydrocarbylaluminum hydride
compounds for use as the alkylating agent in the polymeriza-
tion processes disclosed herein include, but are not limited to,
diethylaluminum hydride, di-n-propylaluminum hydride,
diisopropylaluminum hydride, di-n-butylaluminum hydride,
diisobutylaluminum hydride, di-n-octylaluminum hydride,
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diphenylaluminum hydride, di-p-tolylaluminum hydride,
dibenzylaluminum hydride, phenylethylaluminum hydride,
phenyl-n-propylaluminum hydride, phenylisopropylalumi-
num hydride, phenyl-n-butylaluminum hydride, phenyl-
isobutylaluminum  hydride, phenyl-n-octylaluminum
hydride, p-tolylethylaluminum hydride, p-tolyl-n-propylalu-
minum hydride, p-tolylisopropylaluminum hydride, p-tolyl-
n-butylaluminum hydride, p-tolylisobutylaluminum hydride,
p-tolyl-n-octylaluminum hydride, benzylethylaluminum
hydride, benzyl-n-propylaluminum hydride, benzylisopro-
pylaluminum hydride, benzyl-n-butylaluminum hydride,
benzylisobutylaluminum hydride, and benzyl-n-octylalumi-
num hydride.

Examples of suitable hydrocarbylaluminum dihydrides for
use as the alkylating agent in the polymerization processes
disclosed herein include, but are not limited to, ethylalumi-
num dihydride, n-propylaluminum dihydride, isopropylalu-
minum dihydride, n-butylaluminum dihydride, isobutylalu-
minum dihydride, and n-octylaluminum dihydride.

Examples of suitable dihydrocarbylaluminum halide com-
pounds for use as the alkylating agent in the polymerization
processes disclosed herein include, but are not limited to,
diethylaluminum chloride, di-n-propylaluminum chloride,
diisopropylaluminum chloride, di-n-butylaluminum chlo-
ride, diisobutylaluminum chloride, di-n-octylaluminum
chloride, diphenylaluminum chloride, di-p-tolylaluminum
chloride, dibenzylaluminum chloride, phenylethylaluminum
chloride, phenyl-n-propylaluminum chloride, phenylisopro-
pylaluminum chloride, phenyl-n-butylaluminum chloride,
phenylisobutylaluminum chloride, phenyl-n-octylaluminum
chloride, p-tolylethylaluminum chloride, p-tolyl-n-propyla-
luminum chloride, p-tolylisopropylaluminum chloride,
p-tolyl-n-butylaluminum chloride, p-tolylisobutylaluminum
chloride, p-tolyl-n-octylaluminum chloride, benzylethylalu-
minum chloride, benzyl-n-propylaluminum chloride, benzyl-
isopropylaluminum chloride, benzyl-n-butylaluminum chlo-
ride, benzylisobutylaluminum chloride, and benzyl-n-
octylaluminum chloride.

Examples of suitable hydrocarbylaluminum dihalide com-
pounds for use as the alkylating agent in the polymerization
processes disclosed herein include, but are not limited to,
ethylaluminum dichloride, n-propylaluminum dichloride,
isopropylaluminum dichloride, n-butylaluminum dichloride,
isobutylaluminum dichloride, and n-octylaluminum dichlo-
ride.

Examples of other suitable organoaluminum compounds
foruse as the alkylating agent in the polymerization processes
disclosed herein that are represented by the general formula
AlR, X, , include, but are not limited to, dimethylaluminum
hexanoate, diethylaluminum octoate, diisobutylaluminum
2-ethylhexanoate, dimethylaluminum neodecanoate, diethy-
laluminum stearate, diisobutylaluminum oleate, methylalu-
minum bis(thexanoate), ethylaluminum bis(octoate), isobuty-
laluminum bis(2-ethylhexanoate), methylaluminum bis
(neodecanoate), ethylaluminum bis(stearate),
isobutylaluminum bis(oleate), dimethylaluminum methox-
ide, diethylaluminum methoxide, diisobutylaluminum meth-
oxide, dimethylaluminum ethoxide, diethylaluminum ethox-
ide, diisobutylaluminum ethoxide, dimethylaluminum
phenoxide, diethylaluminum phenoxide, diisobutylalumi-
num phenoxide, methylaluminum dimethoxide, ethylalumi-
num dimethoxide, isobutylaluminum dimethoxide, methyla-
luminum diethoxide, ethylaluminum diethoxide,
isobutylaluminum diethoxide, methylaluminum diphenox-
ide, ethylaluminum diphenoxide, and isobutylaluminum
diphenoxide.
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Another class of organoaluminum compounds suitable for
use as an alkylating agent in the polymerization processes
disclosed herein is aluminoxanes. Suitable aluminoxanes
include oligomeric linear aluminoxanes, which can be repre-
sented by the general formula:

R R
\Al—O—6Al—Oﬁ—A1/
/ TN

23 R R

and oligomeric cyclic aluminoxanes, which can be repre-
sented by the general formula:

R

where x is an integer in the range of from 1 to 100, or 10 to 50;
y is an integer in the range of from 2 to 100, or 3 to 20; and
where each R independently is a monovalent organic group
that is attached to the aluminum atom via a carbon atom. In
one embodiment of the polymerization processes disclosed
herein, each R independently is a hydrocarbyl group or a
substituted hydrocarbyl group including, but not limited to,
alkyl, cycloalkyl, substituted cycloalkyl, alkenyl, cycloalk-
enyl, substituted cycloalkenyl, aryl, substituted aryl, aralkyl,
alkaryl, allyl, and alkynyl groups, with each group preferably
containing from 1 carbon atom, or the appropriate minimum
number of atoms to form the group, up to 20 carbon atoms.
These hydrocarbyl groups or substituted hydrocarbyl groups
may also contain heteroatoms including, but not limited to,
nitrogen, oxygen, boron, silicon, sulfur, and phosphorus
atoms. As used herein, the number of moles of the aluminox-
ane refers to the number of moles of the aluminum atoms
rather than the number of moles of the oligomeric aluminox-
ane molecules. This convention is commonly employed in the
art of catalyst systems utilizing aluminoxanes.

Aluminoxanes can be prepared by reacting trihydrocarby-
laluminum compounds with water. This reaction can be per-
formed according to known methods, such as, for example,
(1) a method in which the trihydrocarbylaluminum com-
pound is dissolved in an organic solvent and then contacted
with water, (2) a method in which the trihydrocarbylalumi-
num compound is reacted with water of crystallization con-
tained in, for example, metal salts, or water adsorbed in inor-
ganic or organic compounds, or (3) a method in which the
trihydrocarbylaluminum compound is reacted with water in
the presence of the monomer or monomer solution that is to
be polymerized.

Examples of suitable aluminoxane compounds for use as
the alkylating agent in the polymerization processes dis-
closed herein include, but are not limited to, methylalumi-
noxane (“MAO”), modified methylaluminoxane
(“MMAQO”), ethylaluminoxane, n-propylaluminoxane, iso-
propylaluminoxane, butylaluminoxane, isobutylaluminox-
ane, n-pentylaluminoxane, neopentylaluminoxane, n-hexy-
laluminoxane, n-octylaluminoxane,
2-ethylhexylaluminoxane, cyclohexylaluminoxane, 1-meth-
ylcyclopentylaluminoxane, phenylaluminoxane, and 2,6-
dimethylphenylaluminoxane. Modified methylaluminoxane
can be formed by substituting from 20 to 80 percent of the
methyl groups of methylaluminoxane with C, to C, , hydro-
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10
carbyl groups, preferably with isobutyl groups, by using tech-
niques known to those skilled in the art.

In accordance with certain embodiments of the polymer-
ization processes disclosed herein, aluminoxanes can be used
alone or in combination with other organoaluminum com-
pounds. In one embodiment, methylaluminoxane and at least
one organoaluminum compound other than aluminoxane,
e.g., an organoaluminum compound represented by AIR,
X;_,» are used in combination as the alkylating agent. In
accordance with this and other embodiments, the alkylating
agent comprises a dihydrocarbylaluminum hydride, a dihy-
drocarbylaluminum halide, an aluminoxane, or combinations
thereof. For example, in accordance with one embodiment,
the alkylating agent comprises diisobutylaluminum hydride,
diethylaluminum chloride, methylaluminoxane, or combina-
tions thereof. U.S. Pat. No. 8,017,695, which is incorporated
herein by reference in its entirety, provides other examples
where aluminoxanes and organoaluminum compounds can
be employed in combination.

As mentioned above, suitable alkylating agents used in the
present polymerization processes include organomagnesium
compounds. In accordance with one or more embodiments, of
the polymerization processes disclosed herein, suitable orga-
nomagnesium compounds include those represented by the
general formula MgR,, where each R independently is a
monovalent organic group that is attached to the magnesium
atom via a carbon atom. In one or more embodiments, each R
independently is a hydrocarbyl group or a substituted hydro-
carbyl group including, but not limited to, alkyl, cycloalkyl,
substituted cycloalkyl, alkenyl, cycloalkenyl, substituted
cycloalkenyl, aryl, allyl, substituted aryl, aralkyl, alkaryl, and
alkynyl groups, with each group preferably containing from 1
carbon atom, or the appropriate minimum number of atoms to
form the group, up to 20 carbon atoms. These hydrocarbyl
groups or substituted hydrocarbyl groups may also contain
heteroatoms including, but not limited to, nitrogen, oxygen,
silicon, sulfur, and phosphorus atoms.

Examples of suitable organomagnesium compounds for
use as the alkylating agent in the polymerization processes
disclosed herein that are represented by the general formula
MgR, include, butare not limited to, diethylmagnesium, di-n-
propylmagnesium, diisopropylmagnesium, dibutylmagne-
sium, dihexylmagnesium, diphenylmagnesium, and diben-
zylmagnesium.

Another class of organomagnesium compounds suitable
for use as an alkylating agent in accordance with embodi-
ments of the polymerization processes disclosed herein is
represented by the general formula RMgX, where R is a
monovalent organic group that is attached to the magnesium
atom via a carbon atom, and X is a hydrogen atom, a halogen
atom, a carboxylate group, an alkoxide group, or an aryloxide
group. In one or more embodiments, R is a hydrocarbyl group
or a substituted hydrocarbyl group including, but not limited
to, alkyl, cycloalkyl, substituted cycloalkyl, alkenyl,
cycloalkenyl, substituted cycloalkenyl, aryl, allyl, substituted
aryl, aralkyl, alkaryl, and alkynyl groups, with each group
containing from 1 carbon atom, or the appropriate minimum
number of atoms to form the group, up to 20 carbon atoms.
These hydrocarbyl groups or substituted hydrocarbyl groups
may also contain heteroatoms including, but not limited to,
nitrogen, oxygen, boron, silicon, sulfur, and phosphorus
atoms. In one embodiment, X is a carboxylate group, an
alkoxide group, or an aryloxide group, with each group con-
taining from 1 carbon atom up to 20 carbon atoms.

Examples of suitable types of organomagnesium com-
pounds for use as the alkylating agent in the polymerization
processes disclosed herein that are represented by the general
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formula RMgX include, but are not limited to, hydrocarbyl-
magnesium hydride, hydrocarbylmagnesium halide, hydro-
carbylmagnesium carboxylate, hydrocarbylmagnesium
alkoxide, and hydrocarbylmagnesium aryloxide.

Examples of suitable organomagnesium compounds for
use as the alkylating agent in the polymerization processes
disclosed herein represented by the general formula RMgX
include, but are not limited to, methylmagnesium hydride,
ethylmagnesium hydride, butylmagnesium hydride, hexyl-
magnesium hydride, phenylmagnesium hydride, benzylmag-
nesium hydride, methylmagnesium chloride, ethylmagne-
sium chloride, butylmagnesium chloride, hexylmagnesium
chloride, phenylmagnesium chloride, benzylmagnesium
chloride, methylmagnesium bromide, ethylmagnesium bro-
mide, butylmagnesium bromide, hexylmagnesium bromide,
phenylmagnesium bromide, benzylmagnesium bromide,
methylmagnesium hexanoate, ethylmagnesium hexanoate,
butylmagnesium hexanoate, hexylmagnesium hexanoate,
phenylmagnesium hexanoate, benzylmagnesium hexanoate,
methylmagnesium ethoxide, ethylmagnesium ethoxide,
butylmagnesium ethoxide, hexylmagnesium ethoxide, phe-
nylmagnesium ethoxide, benzylmagnesium ethoxide, meth-
ylmagnesium phenoxide, ethylmagnesium phenoxide, butyl-
magnesium phenoxide, hexylmagnesium phenoxide,
phenylmagnesium phenoxide, and benzylmagnesium phe-
noxide.

As mentioned above, the lanthanide-based catalyst sys-
tems employed in the polymerization processes disclosed
herein include a halogen source. As used herein, the term
“halogen source” refers to any substance including at least
one halogen atom. In accordance with one or more embodi-
ments ofthe polymerization processes disclosed herein, all or
part of the halogen source may optionally be provided by the
lanthanide compound, the alkylating agent, or both the lan-
thanide compound and the alkylating agent. In other words,
the lanthanide compound may serve as both the lanthanide
compound and all or at least a portion of the halogen source.
Similarly, the alkylating agent may serve as both the alkylat-
ing agent and all or at least a portion of the halogen source.

In accordance with certain embodiments of the polymer-
ization processes disclosed herein, at least a portion of the
halogen source may be present in the catalyst system in the
form of a separate and distinct halogen-containing com-
pound. Various compounds, or mixtures thereof, that contain
one or more halogen atoms can be used as the halogen source.
Examples of halogen atoms include, but are not limited to,
fluorine, chlorine, bromine, and iodine. A combination oftwo
or more halogen atoms can also be utilized. Halogen-contain-
ing compounds that are soluble in an organic solvent, such as
the aromatic hydrocarbon, aliphatic hydrocarbon, and
cycloaliphatic hydrocarbon solvents disclosed herein, are
suitable for use as the halogen source in the polymerization
processes disclosed herein. In addition, hydrocarbon-in-
soluble halogen-containing compounds that can be sus-
pended in a polymerization system to form the catalytically
active species are also useful in certain embodiment of the
polymerization processes disclosed herein.

Examples of suitable types of halogen-containing com-
pounds for use in the polymerization processes disclosed
herein include, but are not limited to, elemental halogens,
mixed halogens, hydrogen halides, organic halides, inorganic
halides, metallic halides, and organometallic halides.

Examples of elemental halogens suitable for use as the
halogen source in the polymerization processes disclosed
herein include, but are not limited to, fluorine, chlorine, bro-
mine, and iodine. Some specific examples of suitable mixed
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halogens include, but are not limited to, iodine monochloride,
iodine monobromide, iodine trichloride, and iodine pen-
tafluoride.

Examples of suitable hydrogen halides for use as the halo-
gen source in the polymerization processes disclosed herein
include, but are not limited to, hydrogen fluoride, hydrogen
chloride, hydrogen bromide, and hydrogen iodide.

Examples of suitable organic halides for use as the halogen
source in the polymerization processes disclosed herein
include, but are not limited to, t-butyl chloride, t-butyl bro-
mide, allyl chloride, allyl bromide, benzyl chloride, benzyl
bromide, chloro-di-phenylmethane,  bromo-di-phenyl-
methane, triphenylmethyl chloride, triphenylmethyl bro-
mide, benzylidene chloride, benzylidene bromide, methyl-
trichlorosilane, phenyltrichlorosilane,
dimethyldichlorosilane, diphenyldichlorosilane, trimethyl-
chlorosilane, benzoyl chloride, benzoyl bromide, propionyl
chloride, propionyl bromide, methyl chloroformate, and
methyl bromoformate.

Examples of suitable inorganic halides for use as the halo-
gen source in the polymerization processes disclosed herein
include, but are not limited to, phosphorus trichloride, phos-
phorus tribromide, phosphorus pentachloride, phosphorus
oxychloride, phosphorus oxybromide, boron trifluoride,
boron trichloride, boron tribromide, silicon tetrafluoride, sili-
con tetrachloride, silicon tetrabromide, silicon tetraiodide,
arsenic trichloride, arsenic tribromide, arsenic triiodide, sele-
nium tetrachloride, selenium tetrabromide, tellurium tetra-
chloride, tellurium tetrabromide, and tellurium tetraiodide.

Examples of suitable metallic halides for use as the halo-
gen source in the polymerization processes disclosed herein
include, but are not limited to, tin tetrachloride, tin tetrabro-
mide, aluminum trichloride, aluminum tribromide, antimony
trichloride, antimony pentachloride, antimony tribromide,
aluminum triiodide, aluminum trifluoride, gallium trichlo-
ride, gallium tribromide, gallium triiodide, gallium trifluo-
ride, indium trichloride, indium tribromide, indium triiodide,
indium trifluoride, titanium tetrachloride, titanium tetrabro-
mide, titanium tetraiodide, zinc dichloride, zinc dibromide,
zinc diiodide, and zinc difluoride.

Examples of suitable organometallic halides for use as the
halogen source in the polymerization processes disclosed
herein include, but are not limited to, dimethylaluminum
chloride, diethylaluminum chloride, dimethylaluminum bro-
mide, diethylaluminum bromide, dimethylaluminum fluo-
ride, diethylaluminum fluoride, methylaluminum dichloride,
ethylaluminum dichloride, methylaluminum dibromide,
ethylaluminum dibromide, methylaluminum difluoride,
ethylaluminum difluoride, methylaluminum sesquichloride,
ethylaluminum sesquichloride, isobutylaluminum ses-
quichloride, methylmagnesium chloride, methylmagnesium
bromide, methylmagnesium iodide, ethylmagnesium chlo-
ride, ethylmagnesium bromide, butylmagnesium chloride,
butylmagnesium bromide, phenylmagnesium chloride, phe-
nylmagnesium bromide, benzylmagnesium chloride, trim-
ethyltin chloride, trimethyltin bromide, triethyltin chloride,
triethyltin bromide, di-t-butyltin dichloride, di-t-butyltin
dibromide, dibutyltin dichloride, dibutyltin dibromide, tribu-
tyltin chloride, and tributyltin bromide. In accordance with
one embodiment, the halogen source comprises an organo-
metallic halide. For example, in accordance with certain
embodiments, the halogen source comprises diethylalumi-
num chloride, which as mentioned above can also serve as an
alkylating agent in the lanthanide-based catalyst system.
Thus, in accordance with certain embodiments, the halogen
source may be providedinall or in part by the alkylating agent
in the catalyst systems disclosed herein.
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The lanthanide-based catalyst composition used in this
polymerization processes disclosed herein may be formed by
combining or mixing the foregoing catalyst ingredients. The
terms “catalyst composition” and “catalyst system,” as
referred to herein, encompass a simple mixture of the ingre-
dients, a complex of the various ingredients that is caused by
physical or chemical forces of attraction, a chemical reaction
product of the ingredients, or a combination of the foregoing.
The terms “catalyst composition™ and “catalyst system” can
be used interchangeably herein.

As mentioned above, a thiol compound is used as a catalyst
modifier to increase the cis-1,4-linkage content of polydienes
produced using a lanthanide-based catalyst system. A poly-
diene prepared using at least one thiol compound in accor-
dance with the polymerization processes disclosed herein
will have a higher cis-1,4-linkage content than a polydiene
prepared under the same polymerization conditions, i.e., the
same reaction ingredients and reaction conditions, but with-
out the thiol compound. Thus, the polymerization processes
disclosed herein are an improvement over polymerization
processes that produce high-cis polydienes using lanthanide-
based catalyst systems without the thiol compound.

In accordance with the polymerization processes described
herein, the thiol compound is represented by the general
formula R—S—H, where R is a hydrocarbyl group or a
substituted hydrocarbyl group. The practice of the polymer-
ization processes disclosed herein is not limited to thiol com-
pounds having any particular size or type of R, i.e., hydrocar-
byl group or substituted hydrocarbyl group. For example,
non-limiting examples of types of R include alkyl, cycloalkyl,
substituted cycloalkyl, alkenyl, cycloalkenyl, substituted
cycloalkenyl, alkynyl, allyl, aryl, substituted aryl, aralkyl,
and alkaryl groups. R preferably has 100 carbon atoms or less
(e.g., 4-100 carbon atoms), more preferably 30 carbon atoms
or less, and even more preferably from 4 to 30 carbon atoms.
Further, in one or more embodiments, the hydrocarbyl groups
or substituted hydrocarbyl groups useful in the thiol com-
pounds disclosed herein may contain heteroatoms such as, for
example, nitrogen, oxygen, silicon, sulfur, and phosphorus
atoms. In certain embodiments, the substituted hydrocarbyl
groups may include, but are not limited to, halo-substituted or
amino-substituted hydrocarbyl groups.

Examples of suitable types of thiol compounds useful in
the polymerization processes disclosed herein and repre-
sented by the general formula R—S—H include, but are not
limited to, alkanethiols, substituted alkanethiols, cycloal-
kanethiols, substituted cycloalkanethiols, alkenethiols, sub-
stituted alkenethiols, cycloalkenethiols, substituted cycloalk-
enethiols, arenethiols, substituted arenethiols, aralkanethiols,
alkarenethiols, and the like.

Examples of suitable alkanethiols for use as the thiol com-
pound in the polymerization processes disclosed herein
include, but are not limited to, methanethiol; ethanethiol;
propanethiols such as 1-propanethiol (n-propyl mercaptan)
and 2-propanethiol; butanethiols such as 1-butanethiol (n-bu-
tyl mercaptan) and 2-methylpropane-2-thiol (t-butyl mercap-
tan); pentanethiols such as 1-pentanethiol, 2-pentanethiol,
3-pentanethiol, and t-pentanethiol (t-pentyl mercaptan); hex-
anethiols such as 1-hexanethiol; heptanethiols such as 1-hep-
tanethiol (n-heptyl mercaptan) and 2-heptanethiol; octanethi-
ols such as l-octanethiol (n-octyl mercaptan),
2-ethylhexanethiol, and 2,4,4-trimethyl-2-pentanethiol (t-oc-
tyl mercaptan); nonanethiols such as 1-nonanethiol (n-nonyl
mercaptan) and t-nonanethiol (t-nonyl mercaptan);
decanethiols such as 1-decanethiol; undecanethiols such as
1-undecanethiol; dodecanethiols such as 1-dodecanethiol
and t-dodecanethiol (t-dodecyl mercaptan); tridecanethiols;
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tetradecanethiols such as 1-tetradecanethiol; pentadecanethi-
ols such as 1-pentadecanethiol; hexadecanethiols such as
1-hexadecanethiol; heptadecanethiols; octadecanethiols such
as 1-octadecanethiol; nonadecanthiols; eicosanethiols; tria-
contanethiols; tetracontanethiols; pentacontanethiols; hexa-
contanethiols; heptacontanethiols; octacontanethiols; nona-
contanethiols; hectanethiols; and the like.

Examples of suitable cycloalkanethiols for use as the thiol
compound in the polymerization processes disclosed herein
include, but are not limited to, cyclopropanethiol, cyclobu-
tanethiol, cyclopentanethiol, cyclohexanethiol, cyclohep-
tanethiol, cyclooctanethiol, cyclononanethiol, cyclode-
canethiol, 1-adamantanethiol, and the like.

Examples of suitable substituted cycloalkanethiols for use
as the thiol compound in the polymerization processes dis-
closed herein include, but are not limited to, halo-substituted
cycloalkanethiols such as 4-fluorocyclohexanethiol, amino-
substituted cycloalkanethiols such as 3-dimethylaminocyclo-
hexanethiol, and the like.

Examples of suitable alkenethiols for use as the thiol com-
pound in the polymerization processes disclosed herein
include, but are not limited to, propenethiols such as 2-pro-
pene-1-thiol, butenethiols such as 3-butene-1-thiol, pente-
nethiols such as 4-pentene-1-thiol, octadecenethiols such as
cis-9-octadecene-1-thiol, and the like.

Examples of suitable cycloalkenethiols for use as the thiol
compound in the polymerization processes disclosed herein
include, but are not limited to, cyclopentenethiols, cyclohex-
enethiols, and the like.

Examples of suitable substituted cycloalkenethiols
include, but are not limited to, alkylcycloalkenethiols such as
4-trifluoromethyl-3-cyclohexene-1-thiol.

Examples of suitable arenethiols for use as the thiol com-
pound in the polymerization processes disclosed herein
include, but are not limited to, benzenethiol; naphthalenethi-
ols such as 1-naphthalenethiol; terphenylthiols such as 1,1,
4' 1"-terphenyl-4-thiol; and the like.

Examples of suitable substituted arenethiols for use as the
thiol compound in the polymerization processes disclosed
herein include, but are not limited to, alkyl-substituted ben-
zenethiols such as methylbenzenethiols, ethylbenzenethiols,
propylbenzenethiols, butylbenzenethiols, and the like; poly-
alkyl-substituted benezenethiols, i.e., benzenethiols having 2
or more alkyl groups; halo-substituted benzenethiols such as
2-fluorothiophenol; amino substituted arenethiols such as
3-aminobenzenethiol; and the like. Non-limiting examples of
suitable methylbenzenethiols include 2-methylbenzenethiol,
3-methylbenzenethiol, and 4-methylbenzenethiol.

Examples of suitable aralkanethiols for use as the thiol
compound in the polymerization processes disclosed herein
include, but are not limited to, phenylalkanethiols such as
phenylmethanethiol (phenylmethyl mercaptan), phenyle-
thanethiol (phenylethyl mercaptan), phenylpropanethiols
such as 3-phenyl-1-propanethiol, phenylbutanethiols, and the
like.

In accordance with one or more embodiments of the poly-
merization processes disclosed herein, the thiol compound is
selected from the group consisting of ethanethiol, propanethi-
ols, butanethiols, pentanethiols, hexanethiols, heptanethiols,
octanethiols, nonanethiols, decanethiols, dodecanethiols,
tridecanethiols, tetradecanethiols, pentadecanethiols, hexa-
decanethiols, heptadecanethiols, octadecanethiols, nonade-
canthiols, eicosanethiols, triacontanethiols, benzenethiol,
alkyl-substituted benzenethiols, and combinations thereof.

In accordance with preferred embodiments of the polymer-
ization processes disclosed herein, the thiol compound used is
atertiary thiol. As used herein, “tertiary thiol” refers to a thiol
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compound that has the thiol group located adjacent to the
tertiary conformation of an alkyl group. Suitable tertiary thi-
ols are represented by the general formula (R)(R")(R")C—
S—H, where each of R', R", and R"™ are hydrocarbyl or
substituted hydrocarbyl groups. In accordance with this gen-
eral formula, each of R', R", and R" are bonded to the carbon
atom, C, which is in turn bonded to the sulfur atom in the thiol
group, S—H. Preferably, in accordance with the thiol com-
pounds disclosed herein, the tertiary thiol has 100 total car-
bons or less, more preferably 30 carbon atoms or less, and
even more preferably from 4 to 30 carbon atoms. One skilled
in the art would recognize tertiary thiols include several thiol
compounds disclosed above. Non-limiting examples of suit-
able tertiary thiols include 2-methylpropane-2-thiol (t-butyl
mercaptan), t-pentanethiol (t-pentyl mercaptan), 2,4,4-trim-
ethyl-2-pentanethiol (t-octyl mercaptan), t-nonanethiol
(t-nonyl mercaptan), t-dodecanethiol (t-dodecyl mercaptan),
and the like. Additional tertiary thiols that may be useful in the
practice of the polymerization processes disclosed herein
may occur to those of skill in the art.

Without intending to be limited by any theory, it is believed
that the steric hindrance caused by the tertiary thiol improves
the stereospecificity of the polymerization processes using
the lanthanide-based catalyst system because it produces
polydienes with a higher cis content than the same process
that uses non-tertiary thiols, e.g., primary or secondary thiols.
For example, Examples 2-6 disclosed herein and summarized
in Table 1 use a tertiary thiol (t-dodecanethiol) as the thiol
compound. Examples 8-10 disclosed herein and summarized
in Table 2 use 1-dodecanethiol. These two respective thiol
compounds are different isomers of a 12 carbon thiol com-
pound. Examples 6 and 8 use the same molar ratio of thiol
compound to neodymium and therefore provide the basis for
comparison between the two 12 carbon thiols, one tertiary
and one non-tertiary. As shown in Example 6 of Table 1, the
use of the t-dodecanethiol results in a higher cis-1,4-linkage
content compared to its control (Example 1) than that of
Example 8 shown in Table 2 compared to its control (Example
7). The difference between the cis content in the polydiene of
Example 6 compared to the control polydiene of Example 1 is
3.58% (=98.07%-94.49%) as compared to the difference
between the cis content in the polydiene of Example 8 com-
pared to the control polydiene of Example 7 of 0.07%
(=94.64%-94.57%).

The solution polymerization processes disclosed herein are
preferably conducted under anaerobic conditions under a
blanket of inert gas, such as nitrogen, argon, or helium. The
polymerization temperature may vary widely, ranging from
-50° C. to 150° C., with the preferred temperature range
being 50° C.to 120° C. The polymerization pressure may also
vary widely, ranging from 1 atmosphere (atm) to 30 atm,
preferably 1 atm to 10 atm.

The solution polymerization processes disclosed herein are
conducted as a continuous, a semi-continuous, or a batch
process. In the semi-continuous process, the monomer is
intermittingly charged to replace the monomer that has
already polymerized. The polymerization of a conjugated
diene monomer into a high-cis polydiene in accordance with
the processes described herein occurs when the monomer, the
thiol compound, and the lanthanide-based catalyst composi-
tion are all present in the organic solvent-based solution. The
order of addition of the monomer, thiol compound, and cata-
lyst to the organic solvent does not matter. However, the
process is more effective, i.e., a higher cis-1,4-linkage content
is obtained, when the lanthanide-based catalyst composition
is added at the same time or shortly after the thiol compound
has been added to the polymerization solution. In a preferred
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embodiment, the lanthanide-based catalyst composition is
added after the thiol compound has been added to the poly-
merization solution.

The polymerization processes disclosed herein can be
stopped by adding any suitable terminating agent. Non-lim-
iting examples of suitable terminating agents include protic
compounds, such as alcohols, carboxylic acids, inorganic
acids, water, and mixtures thereof. The polymerization pro-
cess disclosed herein also can be stopped by a functionalizing
agent. Functionalizing agents include compounds or reagents
that can react with a reactive polymer produced by the poly-
merization processes disclosed herein and thereby provide
the polymer with a functional group. Other suitable terminat-
ing agents are known to those skilled in the art. Furthermore,
once the polymerization has been stopped, the resulting high-
cis polydiene can be recovered from the solution using con-
ventional methods, e.g., steam desolventization, coagulation
with an alcohol, filtration, purification, drying, etc., known to
those skilled in the art.

In the polymerization processes disclosed herein, the
molar ratio of the thiol compound to the lanthanide com-
pound, i.e., part (a) of the lanthanide-based catalyst compo-
sition, ranges from 0.01:1 to 100:1. In certain embodiments,
the ratio is preferably from 0.2:1 to 12:1.

In certain embodiments, the number average molecular
weight (“M,,”) of the high-cis polydienes resulting from the
polymerization processes disclosed herein ranges from
20,000 to 250,000; in other embodiments from 70,000 to
130,000; and in other embodiments from 80,000 to 120,000
as determined by gel permeation chromatography (“GPC”).
The GPC measurements disclosed herein are calibrated with
polystyrene standards and Mark-Houwink constants for the
high-cis polydienes produced.

In certain embodiments, the weight average molecular
weight (“M,”) of the resulting high-cis polydienes resulting
from the polymerization processes disclosed herein ranges
from 30,000 to 600,000; from 160,000 to 240,000; and in
other embodiments from 170,000 to 230,000 as determined
by GPC.

In certain embodiments, the polydispersity (M, /M, ) of the
polydienes resulting from the polymerization processes dis-
closed herein ranges from 1.5 to 3.5, and in other embodi-
ments ranges from 1.8 to 2.5.

In certain embodiments, the high-cis polydienes resulting
from the polymerization processes described herein have a
Mooney viscosity (“ML,,,”) ranging from 5 to 85, preferably
from 25 to 50. The Mooney viscosities disclosed herein are
determined at 100° C. by a Alpha Technologies Mooney
viscometer with a large rotor, a one minute warm-up time, and
a four minute running time.

The high-cis polydienes resulting from the polymerization
processes disclosed herein are useful in rubber compositions
such as those that may ultimately be used in tire components.
The high-cis polydienes have tensile, abrasion resistance,
rolling resistance, and fatigue resistance properties that are
desirable in rubber compositions used in tire components,
particularly in the rubber compositions used in the tread or the
sidewall components of tires. As is known to those skilled in
the art, the high-cis polydienes resulting from the polymer-
ization processes disclosed herein can be used alone or in
combination with other rubbery polymers, including natural
or synthetic elastomers to produce such rubber compositions
useful for tire components. Synthetic elastomers can be
derived from the polymerization of one or more different
types of conjugated diene monomers or the copolymerization
of conjugated diene monomers with other monomers such as
vinyl-substituted aromatic monomers.
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The solution polymerization processes disclosed herein
produce a high-cis polydiene by polymerizing at least one
conjugated diene monomer in an organic solvent in the pres-
ence of at least one thiol compound and a lanthanide-based
catalyst composition to produce a polydiene having a cis-1,
4-linkage content of 90-99%. The at least one thiol compound
is represented by the general formula R—S—H; where Ris a
hydrocarbyl group or a substituted hydrocarbyl group. The
lanthanide-based catalyst composition comprises (a) a lan-
thanide compound, (b) an alkylating agent, and (c) a halogen
source, where (c) may optionally be provided by (a), (b), or
both (a) and (b). The molar ratio of the at least one thiol
compound to the lanthanide compound used in the polymer-
ization process ranges from 0.01:1 to 100:1.

In accordance with certain embodiments, the processes
further comprises adding the at least one thiol compound to a
mixture of the at least one conjugated diene monomer and the
organic solvent prior to adding the lanthanide-based catalyst
composition to the mixture.

Furthermore, in certain of the preceding embodiments, the
at least one thiol compound is selected from the group con-
sisting of ethanethiol, propanethiols, butanethiols, pen-
tanethiols, hexanethiols, heptanethiols, octanethiols,
nonanethiols, decanethiols, dodecanethiols, tridecanethiols,
tetradecanethiols, pentadecanethiols, hexadecanethiols, hep-
tadecanethiols, octadecanethiols, nonadecanthiols,
eicosanethiols, triacontanethiols, benzenethiol, alkyl-substi-
tuted benzenethiols, and combinations thereof. In certain of
the preceding embodiments, the at least one thiol compound
comprises a tertiary thiol.

Moreover, in certain of the preceding embodiments, the
molar ratio of the at least one thiol compound to the lan-
thanide compound ranges from 0.2:1 to 12:1. In certain of the
preceding embodiments, the lanthanide compound is selected
from the group consisting of lanthanide carboxylates, lan-
thanide organophosphates, lanthanide organophosphonates,
lanthanide organophosphinates, lanthanide carbamates, lan-
thanide dithiocarbamates, lanthanide xanthates, lanthanide
[p-diketonates, lanthanide alkoxides or aryloxides, lanthanide
halides, lanthanide pseudo-halides, lanthanide oxyhalides,
organolanthanide compounds, and combinations thereof. The
lanthanide portion of the lanthanide compound is selected
from the group consisting of lanthanum, cerium, praseody-
mium, neodymium, promethium, samarium, europium,
gadolinium, terbium, dysprosium, holmium, erbium, thu-
lium, ytterbium, lutetium, didymium, and combinations
thereof.

Moreover, in certain of the preceding embodiments, the
alkylating agent includes at least one organoaluminum com-
pound, at least one organomagnesium compound, or combi-
nations thereof. Further to this and all preceding embodi-
ments, the at least one organoaluminum compound is selected
from the group consisting of an aluminoxane, a compound
represented by the general formula AIR, X, and combina-
tions thereof, where R is a monovalent organic group attached
to the aluminum atom via a carbon atom; X is a hydrogen
atom, a halogen atom, a carboxylate group, an alkoxide
group, or an aryloxide group; and n is from 1 to 3. Further to
this and all preceding embodiments, the alkylating agent
includes at least one aluminoxane and at least one organoalu-
minum compound other than aluminoxane.

In certain of the preceding embodiments, the halogen
source includes an elemental halogen, a mixed halogen, a
hydrogen halide, an organic halide, an inorganic halide, a
metallic halide, an organometallic halide, or combinations
thereof. Further to this and all preceding embodiments, the at
least one conjugated diene monomer used in the polymeriza-
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tion process is a monomer selected from the group consisting
of 1,3-butadiene, isoprene, 1,3-pentadiene, 1,3-hexadiene,
2,3-dimethyl-1,3-butadiene, 2-ethyl-1,3-butadiene, 2-me-
thyl-1,3-pentadiene, 3-methyl-1,3-pentadiene, 4-methyl-1,3-
pentadiene, 2,4-hexadiene, and combinations thereof.

As previously mentioned, embodiments of the polymeriza-
tion processes disclosed herein take place in a solution con-
taining a molar ratio from 0.01:1 to 100:1 of thiol compound
to lanthanide compound and the resulting polydiene has a
cis-1,4-linkage content of 90-99%. In certain of these
embodiments, any or all of the following (i)-(v) also apply: (i)
the polymerization process takes place at 50° C. to 120° C.;
(ii) the polydiene has a polydispersity value of 1.5 to 3.5; (iii)
the polydiene has between 94-99% cis-1,4-linkage content,
(iv) the polydiene is polybutadiene; and (v) the polymeriza-
tion takes place in the presence 0o 20-90 wt % or solvent based
on the total weight of the monomer, organic solvent, and
polydiene. Further in accordance with certain of the preced-
ing embodiments, the polymerization takes place in the pres-
ence of 70-90 wt % organic solvent based on the total weight
of the monomer, organic solvent, and polydiene.

In certain embodiments, the solution polymerization pro-
cess is an improvement to producing a high-cis polydiene by
polymerizing at least one conjugated diene monomer in an
organic solvent charged with a lanthanide-based catalyst
composition. The improvement is directed to the use of at
least one thiol compound in the polymerization process.
Restated, the improvement comprises polymerizing the at
least one conjugated diene monomer in the presence of at
least one thiol compound in the organic solvent charged with
the lanthanide-based catalyst composition to produce a poly-
diene having a cis-1,4-linkage content of 90-99%. The
improvement is shown in the resulting polydiene, where the
polydiene produced has a higher cis-1,4-linkage content
compared to a polydiene produced under the same polymer-
ization conditions but without the at least one thiol com-
pound. In accordance with the present embodiment, the at
least one thiol compound is represented by the general for-
mula R—S—H, where R is a hydrocarbyl group or a substi-
tuted hydrocarbyl group. Also, the molar ratio of the at least
one thiol compound to the lanthanide compound used in
embodiments of the improved polymerization process ranges
from 0.01:1 to 100:1.

In certain embodiments, the improvement, i.e., the
improved process, further comprises adding the at least one
thiol compound to a mixture of the at least one conjugated
diene monomer and the organic solvent prior to charging the
mixture with the lanthanide-based catalyst composition.

Moreover, in certain embodiments, the at least one thiol
compound is selected from the group consisting of
ethanethiol, propanethiols, butanethiols, pentanethiols, hex-
anethiols, heptanethiols, octanethiols, nonanethiols,
decanethiols, dodecanethiols, tridecanethiols, tetrade-
canethiols, pentadecanethiols, hexadecanethiols, heptade-
canethiols, octadecanethiols, nonadecanthiols, eicosanethi-
ols, ftriacontanethiols, benzenethiol, alkyl-substituted
benzenethiols, and combinations thereof. Further in certain
embodiments, the at least one thiol compound comprises a
tertiary thiol.

Moreover, in certain of the preceding embodiments, the
lanthanide-based catalyst composition comprises (a) a lan-
thanide compound, (b) an alkylating agent, and (¢) a halogen
source, where (c) may optionally be provided by (a), (b), or
both (a) and (b). In certain embodiments, the molar ratio of
the at least one thiol compound to the lanthanide compound
ranges from 0.2:1 to 12:1.
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In certain embodiments, the lanthanide compound is
selected from the group consisting of lanthanide carboxy-
lates, lanthanide organophosphates, lanthanide organophos-
phonates, lanthanide organophosphinates, lanthanide car-
bamates, lanthanide dithiocarbamates, lanthanide xanthates,
lanthanide -diketonates, lanthanide alkoxides or aryloxides,
lanthanide halides, lanthanide pseudo-halides, lanthanide
oxyhalides, organolanthanide compounds, and combinations
thereof. Further in certain embodiments, the alkylating agent
includes at least one aluminoxane and at least one organoalu-
minum compound other than aluminoxane.

Furthermore, in accordance with certain embodiments, the
halogen source includes an elemental halogen, a mixed halo-
gen, a hydrogen halide, an organic halide, an inorganic halide,
a metallic halide, an organometallic halide, or combinations
thereof.

As previously mentioned, embodiments of the improved
polymerization processes disclosed herein take place in a
solution containing a molar ratio from 0.01:1 to 100:1 of'thiol
compound to lanthanide compound and the resulting polydi-
ene has a cis-1,4-linkage content of 90-99%. In certain of
these embodiments, any or all of the following (i)-(v) also
apply: (1) the polymerization process takes place at 50° C. to
120° C.; (i1) the polydiene has a polydispersity value of 1.5 to
3.5; (iii) the polydiene has between 94-99% cis-1,4-linkage
content; (iv) the polydiene is polybutadiene; and (v) the poly-
merization takes place in the presence of 20-90 wt % organic
solvent based on the total weight of the monomer, organic
solvent, and polydiene. Further in accordance with certain
embodiments, the polymerization takes place in the presence
01'70-90 wt % organic solvent based on the total weight of the
monomer, organic solvent, and polydiene.

Moreover, in accordance with certain embodiments, the at
least one thiol compound used in the improved polymeriza-
tion process is a t-dodecanethiol (t-dodecyl mercaptan), and
the cis-1,4-linkage content of the polydiene produced is at
least 1.0 percentage point higher (e.g., 0.05-5.0 higher) com-
pared to the cis-1,4-linkage content of a polydiene produced
under the same polymerization conditions but without the at
least one thiol compound. In other embodiments, the polydi-
ene product has a cis-1,4-linkage content that is at least 2.0
percentage points higher (e.g., 2.0-5.0) than a polydiene pro-
duced under the same polymerization conditions but without
the at least one thiol compound. In other embodiments, the
polydiene product has a cis-1,4-linkage content that is at least
3.0 percentage points higher (e.g., 3.0-5.0 higher) than a
polydiene produced under the same polymerization condi-
tions but without the at least one thiol compound.

It should also be understand that encompassed within the
present disclosure is a rubber composition (i.e., high-cis poly-
diene) produced by a process according to the processes
described herein. In certain such embodiments, the rubber
composition further comprises at least one conjugated-diene
containing polymer or copolymer, non-limiting examples of
which include styrene-butadiene copolymer, polybutadiene,
natural rubber and polyisoprene.

Furthermore, encompassed within the present disclosure is
a tire having at least one component containing the rubber
(i.e., high-cis polydiene) produced by a process according to
the processes described herein. In certain such embodiments,
the component is a tire tread.

As used in the description of the invention and the
appended claims, the singular forms “a,” “an,” and “the” are
intended to include the plural forms as well, unless the con-
text clearly indicates otherwise.
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All references incorporated herein by reference are incor-
porated in their entirety unless otherwise stated.

The following examples are for purposes of illustration
only and are not intended to limit the scope of the claims
which are appended hereto.

EXAMPLES

The Mooney viscosities (ML,,,) disclosed herein are
determined at 100° C. by a Alpha Technologies Mooney
viscometer with a large rotor. The sample is preheated at 100°
C. for 1 minute before the rotor starts. The Mooney Viscosity
measurement is recorded as the torque after the rotor has
rotated 4 minutes at 100° C. The values disclosed in the
Examples for M,,, M,,, M,, (the peak value for the M,, on the
GPC curve), and polydispersity (M,,/M,) are determined
using GPC. The GPC measurements disclosed herein are
calibrated with polystyrene standards and Mark-Houwink
constants for the high-cis polydienes. The microstructure
content disclosed herein, including the cis-, trans-, and vinyl-
contents (%) are determined by FTIR, i.e., the samples are
dissolved in CS, and subjected to FTIR.

Preparation of the Pre-Formed Catalyst

To a 200 mL dry bottle purged with nitrogen was added 5.5
mL of 20.7% (wt/wt) butadiene solution in hexane (a 1,3-
butadiene blend in hexane), 11.3 mL of toluene, 5.2 mL of
4.75 M (mol/L)) methylaluminoxane (“MAQO”) solution in
toluene, 0.46 mL of 0.54 M neodymium versatate (“NdV;”)
followed by 5.0 mL of 1.05 M diisobutylaluminum hydride
(“DIBA”) in hexane. The mixture was aged for 2 minutes at
room temperature. Then, 0.93 mL of 1.07 M diethylalumi-
num chloride (“DEAC”) was added. The mixture was aged
for 15 minutes before being used as the Pre-formed Catalyst
in each respective Example below.

Examples 1-6

Polymerization of 1,3-butadiene using
t-dodecanethiol (t-dodecyl mercaptan)

To six dry bottles purged with nitrogen was added hexane
and a 1,3-butadiene (“Bd”) blend in hexane (the blend con-
tained 20.7% (wt/wt) Bd in hexane), resulting in 330 g of
15.0% (wt/wt) Bd solution in hexane. Then, to each of the
bottles was added 0.00 (Example 1), 0.37 (Example 2), 0.74
(Example 3), 1.11 (Example 4), 1.48 (Example 5), and 1.85
(Example 6) mL. 0£0.0134 M t-dodecanethiol (also known as
t-dodecyl mercaptan), respectively, as shown in Table 1
below. The t-dodecanethiol was in a solution of hexane. Each
respective solution was charged with 2.8 ml. of the Pre-
formed Catalyst described above. After the bottles containing
the respective solutions were heated in a 65° C. water bath for
50 minutes, the resulting polymer cements were quenched
with 3 mL of isopropanol containing 2,6-di-tert-butyl-4-me-
thylphenol (“BHT”) to terminate the reaction, coagulate, and
stabilize the polymers. Following quenching, the resulting
polybutadiene polymers were dried in a drum-dryer at 120°
C. The polybutadiene polymer properties for each of
Examples 1-6 are summarized in Table 1 below.
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TABLE 1

Example 1 2 3 4 5 6
t-dodecanethiol 0.00 0.37 0.74 1.11 1.48 1.85
(mL)
t-dodecanethiol:Nd 0.0 0.2 0.4 0.6 0.8 1.0
(molar ratio)
NdV, 0.050 0.050 0.050 0.050 0.050 0.050
(mmol/100 g Bd)
Nd:MAO:DIBA:DEAC 1:100:21:4  1:100:21:4  1:100:21:4  1:100:21:4  1:100:21:4  1:100:21:4
(molar ratio)
Reaction 65 65 65 65 65 65
Temperature (° C.)
Reaction Time 50 50 50 50 50 50
(min)
Conversion (%) 99.8 99.2 87.7 71.7 64.2 54.9
ML,,, @ 100° C. 26.10 21.00 16.70 14.50 15.90 15.10
Tgo (s) 1.73 1.60 1.46 1.60 1.71 1.85
GPC Results
M, 110,655 103,677 93,629 85,017 83,673 80,575
M,, 194,561 186,441 178,864 169,667 181,837 177,220
M, 159,024 148,785 140,564 132,517 132,818 127,337
M,/M,, 1.76 1.80 191 2.00 2.17 2.20
Microstructure
by FTIR
cis-1,4 (%) 94.49 96.08 97.37 97.79 97.96 98.07
trans-1,4 (%) 4.84 3.30 2.03 1.56 1.40 1.27
vinyl (%) 0.67 0.62 0.61 0.65 0.64 0.66

As shown in Table 1, each of the polybutadienes of
Examples 2-6 that were prepared using the thiol compound
t-dodecanethiol have a higher cis-1,4-linkage content than the
polybutadiene of Example 1, produced under the same poly-
merization conditions (i.e., the same reaction ingredients and
reaction conditions) but without the thiol compound.

Examples 7-10

Polymerization of 1,3-butadiene using
1-dodecanethiol

To four dry bottles purged with nitrogen was added hexane 40

and a 1,3-butadiene (“Bd”) blend in hexane (the blend con-
tained 20.7% (wt/wt) Bd in hexane), resulting in 330 g of
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15.0% (wt/wt) Bd solution in hexane. Then to each of the
bottles was added 0.00 (Example 7), 0.18 (Example 8), 0.37
(Example 9), and 1.47 (Example 10) mL 0f0.134 M 1-dode-
canethiol, respectively, as shown in Table 2 below. The
1-dodecanethiol was in a solution of hexane. Each respective
solution was charged with 2.8 mL. of the Pre-formed Catalyst
described above. After the bottles containing the respective
solutions were heated in a 65° C. water bath for 50 minutes,
the resulting polymer cements were quenched with 3 mL of
isopropanol containing BHT to terminate the reaction, coagu-
late, and stabilize the polymers. Following quenching, the
resulting polybutadiene polymers were dried in a drum-dryer
at 120° C. The polybutadiene polymer properties for each of
Examples 7-10 are summarized in Table 2 below.

TABLE 2
Example

7 8 9 10
1-dodecanethiol (mL) 0.00 0.18 0.37 1.47
1-dodecanethiol:Nd 0.0 1.0 2.0 8.0
(molar ratio)
NdV; (mmol/100 g Bd) 0.050 0.050 0.050 0.050
Nd:MAO:DIBA:DEAC 1:100:21:4  1:100:21:4  1:100:21:4  1:100:21:4
(molar ratio)
Reaction Temperature (° C.) 65 65 65 65
Reaction Time (min) 50 50 50 50
Conversion (%) 99.8 100.0 99.4 100.0
ML,,, @ 100° C. 28.90 27.80 28.20 33.10
Tgo (S) 1.56 1.61 1.62 1.77
GPC Results
M, 113,961 112,423 113,923 120,867
M,, 208,585 203,647 211,464 227414
M, 165,700 160,863 161,460 165,756
M,/M,, 1.83 1.81 1.86 1.88
Microstructure by FTIR
cis-1,4 (%) 94.57 94.64 94.72 95.58
trans-1,4 (%) 4.78 4.69 4.59 3.77
vinyl (%) 0.65 0.67 0.69 0.65
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As shown in Table 2, each of the polybutadienes of
Examples 8-10 that were prepared using the thiol compound
1-dodecanethiol have a higher cis-1,4-linkage content than
the polybutadiene of Example 7, produced under the same
polymerization conditions but without the thiol compound.

Examples 11-16

Polymerization of 1,3-butadiene using
4-methylbenzenethiol

To six dry bottles purged with nitrogen was added hexane
and a 1,3-butadiene (“Bd”) blend in hexane (the blend con-
tained 20.7% (wt/wt) Bd in hexane), resulting in 330 g of
15.0% (wt/wt) Bd solution in hexane. Then to each of the
bottles was added 0.00 (Example 11), 0.37 (Example 12),
0.74 (Example 13), 1.11 (Example 14), 1.48 (Example 15),
and 1.85 (Example 16) mL of 0.0134 M 4-methylben-
zenethiol, respectively, as shown in Table 3 below. The 4-me-
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this application belongs. While the present application has
been illustrated by the description of embodiments thereof,
and while the embodiments have been described in consider-
able detail, it is not the intention of the applicants to restrict or
in any way limit the scope of the appended claims to such
detail. Additional advantages and modifications will readily
appear to those skilled in the art. Therefore, the application, in
its broader aspects, is not limited to the specific details, the
representative embodiments, and illustrative examples shown
and described. Accordingly, departures may be made from
such details without departing from the spirit or scope of the
applicant’s general inventive concept.

What is claimed is:
1. A solution polymerization process for producing a high-
cis polydiene, comprising:
polymerizing at least one conjugated diene monomer in an
organic solvent in the presence of at least one thiol
compound and a lanthanide-based catalyst composition

thylbenzenethiol was in a solution of hexane. Each respective 29 to produce a polydiene having a cis-1,4-linkage of
solution was charged with 2.8 mL. of the Pre-formed Catalyst 90-99%,
described above. After the bottles containing the respective wherein the at least one thiol compound is represented by
solutions were heated in a 65° C. water bath for 50 minutes, the general formula R—S—H, where R is a hydrocarbyl
the resulting polymer cements were quenched with 3 mL of group or a substituted hydrocarbyl group;
isopropanol containing BHT to terminate the reaction, coagu- 25  wherein the lanthanide-based catalyst composition com-
late, and stabilize the polymers. Following quenching, the prises (a) alanthanide compound, (b) an alkylating agent
resulting polybutadiene polymers were dried in a drum-dryer including an aluminoxane, and (c) a halogen source,
at 120° C. The polybutadiene polymer properties for each of where (c) may optionally be provided by (a), (b), or both
Examples 11-16 are summarized in Table 3 below. (a) and (b); and
TABLE 3
Example 11 12 13 14 15 16
4-methylbenzene- 0.00 0.37 0.74 1.11 1.48 1.85
thiol (mL)
4-methylbenzene- 0.0 0.2 0.4 0.6 0.8 1.0
thiol:Nd
(molar ratio)
NdVs 0.050 0.050 0.050 0.050 0.050 0.050
(mmol/100 g Bd)
Nd:MAO:DIBA:DEAC 1:100:21:4  1:100:221:4  1:100:21:4  1:100:21:4  1:100:21:4  1:100:21:4
(molar ratio)
Reaction 65 65 65 65 65 65
Temperature (° C.)
Reaction Time 50 50 50 50 50 50
(min)
Conversion (%) 98.4 96.6 98.6 97.2 98.2 98.4
ML,,, @ 100° C. 27.30 26.60 25.00 24.10 23.70 22.50
Tgo (5) 1.61 1.62 1.60 1.57 1.59 1.54
GPC Results
M, 112,373 111,968 110,053 109,157 108,655 107,976
M,, 207,531 202,203 197,345 194,501 193,563 189,719
M, 153,674 152,724 150,001 147,314 146,495 144,884
M,/M, 1.85 1.81 1.79 1.78 1.78 1.76
Microstructure
by FTIR
cis-1,4 (%) 94.67 94.77 94.80 94.93 95.13 95.28
trans-1,4 (%) 4.69 457 4.49 433 4.13 3.98
vinyl (%) 0.63 0.66 0.71 0.74 0.74 0.73
As shown in Table 3, each of the polybutadienes of wherein the molar ratio of the at least one thiol compound
Examples 12-16 that were prepared using the thiol compound to the lanthanide compound ranges from 0.01:1 to 100:1.
4-methylbenzenethiol have a higher cis-1,4-linkage content 2. The process according to claim 1, wherein the molar
than the polybutadiene of Example 11, produced under the ratio of the at least one thiol compound to the lanthanide
same polymerization conditions but without the thiol com- compound ranges from 0.2:1 to 12:1.
pound. 3. The process according to claim 1, wherein the at least
Unless otherwise defined, all technical and scientific terms 65 one thiol compound is selected from the group consisting of

used herein have the same meaning as commonly understood
by one of ordinary skill in the art to which the technology of

ethanethiol, propanethiols, butanethiols, pentanethiols, hex-
anethiols, heptanethiols, octanethiols, nonanethiols,
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decanethiols, dodecanethiols, tridecanethiols, tetrade-
canethiols, pentadecanethiols, hexadecanethiols, heptade-
canethiols, octadecanethiols, nonadecanthiols, eicosanethi-
ols, triacontanethiols, benzenethiol, alkyl-substituted
benzenethiols, and combinations thereof.

4. The process according to claim 1, wherein the at least
one thiol compound is a tertiary thiol.

5. The process of claim 1, further comprising adding the at
least one thiol compound to a mixture of the at least one
conjugated diene monomer and the organic solvent prior to
adding the lanthanide-based catalyst composition to the mix-
ture.

6. The process of claim 1, wherein the lanthanide-based
catalyst composition is added at the same time or shortly after
the thiol compound is added to the organic solvent.

7. The process of claim 1, wherein the lanthanide com-
pound is selected from the group consisting of lanthanide
carboxylates, lanthanide organophosphates, lanthanide orga-
nophosphonates, lanthanide organophosphinates, lanthanide
carbamates, lanthanide dithiocarbamates, lanthanide xan-
thates, lanthanide $-diketonates, lanthanide alkoxides or ary-
loxides, lanthanide halides, lanthanide pseudo-halides, lan-
thanide oxyhalides, organolanthanide compounds, and
combinations thereof, and the lanthanide portion of the lan-
thanide compound is selected from the group consisting of
lanthanum, cerium, praseodymium, neodymium, prome-
thium, samarium, europium, gadolinium, terbium, dyspro-
sium, holmium, erbium, thulium, ytterbium, lutetium, didy-
mium, and combinations thereof, and

wherein the halogen source includes an elemental halogen,

a mixed halogen, a hydrogen halide, an organic halide,
an inorganic halide, a metallic halide, an organometallic
halide, or combinations thereof.

8. The process of claim 7, wherein the alkylating agent
further comprises, a compound represented by the general
formula AIR, X, where:

R is a monovalent organic group attached to the aluminum

atom via a carbon atom,

X is ahydrogen atom, a halogen atom, a carboxylate group,

an alkoxide group, or an aryloxide group, and

nis from 1 to 3.

9. The process of claim 1, wherein the alkylating agent
includes an organoaluminum compound other than the alu-
minoxane.

10. The process of claim 1, wherein the at least one conju-
gated diene monomer is a monomer selected from the group
consisting of 1,3-butadiene, isoprene, 1,3-pentadiene, 1,3-
hexadiene, 2,3-dimethyl-1,3-butadiene, 2-ethyl-1,3-butadi-
ene, 2-methyl-1,3-pentadiene, 3-methyl-1,3-pentadiene,
4-methyl-1,3-pentadiene, 2,4-hexadiene, and combinations
thereof.
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11. The process of claim 1, wherein the polymerization
takes place at 50° C. to 120° C.
12. The process of claim 1, wherein the polydiene has a
polydispersity value of 1.5 to 3.5.
13. The process of claim 1, wherein the polydiene has
between 94% and 99% cis-1,4-linkage content.
14. The process of claim 1, wherein the polydiene is polyb-
utadiene.
15. The process of claim 1, wherein the polymerization
takes place in the presence of 20-90 weight % organic solvent
based on the total weight of the monomer, organic solvent,
and polydiene.
16. An improved solution polymerization process for pro-
ducing a high-cis polydiene by polymerizing at least one
conjugated diene monomer in an organic solvent charged
with a lanthanide-based catalyst composition, wherein the
improvement comprises:
polymerizing the at least one conjugated diene monomer in
the presence of at least one thiol compound in the
organic solvent charged with the lanthanide-based cata-
lyst composition to produce a polydiene having a cis-1,
4-linkage content of 90-99%,

wherein the at least one thiol compound is represented by
the general formula R—S—H, where R is a hydrocarbyl
group or a substituted hydrocarbyl group;

wherein the lanthanide-based catalyst includes an alumi-

noxane as an alkylating agent;

wherein the polydiene produced has a higher cis-1,4-link-

age content compared to a polydiene produced under the
same polymerization conditions but without the at least
one thiol compound; and

wherein the molar ratio of the at least one thiol compound

to the lanthanide compound ranges from 0.01:1 to 100:1.

17. The process of claim 16, wherein the improvement
further comprises adding the at least one thiol compound to a
mixture of the at least one conjugated diene monomer and the
organic solvent prior to charging the mixture with the lan-
thanide-based catalyst composition.

18. The process of claim 16, wherein the at least one thiol
compound is a tertiary thiol.

19. The process of claim 16, wherein the polydiene is
polybutadiene.

20. The process according to claim 16, wherein the molar
ratio of the at least one thiol compound to the lanthanide
compound ranges from 0.2:1 to 12:1.

21. The process of claim 1, wherein the lanthanide-based
catalyst composition is added at the same time or shortly after
the thiol compound is added to the organic solvent.
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